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ABSTRACT: The adsorption of organic molecules coumarin and the donor-π-
acceptor type tetrahydroquinoline (C2-1) on anatase (101) and (001) nanowires
has been investigated using screened Coulomb hybrid density functional theory
calculations. Simple coumarin core forms a single bond with the TiO2. C2-1
exhibits a bidentate mode giving rise to much stronger adsorption energies on the
nanowire surface. Nonlinear solvation eﬀects on the binding characteristics of the
dye chromophores on the nanowire facets have also been examined. These two
dye sensitizers show diﬀerent electronic charge distributions for the highest
occupied and the lowest unoccupied molecular states. We studied the electronic
structures in terms of the positions of the band edges and adsorbate-related gap
states and their eﬀect on the absorption spectra of the dye−nanowire combined
systems. These ﬁndings were interpreted and discussed from the viewpoint of
better light harvesting and charge separation as well as in relation to more
eﬃcient charge carrier injection into the semiconductor nanowire.
■ INTRODUCTION
Recently, dye-sensitized solar cells (DSSCs) have become an
important research ﬁeld in direct energy generation from
sunlight. In a typical system, dye adsorbates on TiO2
nanostructures are responsible for light harvesting with their
highest occupied molecular orbitals (HOMOs) residing in the
band gap of the host semiconductor. The coupling of their
lowest unoccupied molecular orbital (LUMO) with the
conduction band (CB) of TiO2 serves as a natural pathway
for photogenerated charge injection from the dye to the CB of
the substrate. The cell is then regenerated by interaction of the
excited dye with a redox couple.1,2 The open-circuit voltage of
the cell, VOC, is the diﬀerence between the highest occupied
level of the dye−semiconductor system and redox potential of
the mediator (typically iodide). For such a solar cell
construction, titania has one of the most appropriate band
positions among the other wide-bandgap semiconductors.
TiO2, particularly the (001) surface of the anatase phase,
shows excellent photocatalytic activity under ultraviolet (UV)
irradiation.2,3 Sensitizer chromophores not only drive the UV-
limited photoresponse of TiO2 into the visible range but also
play an important role in charge carrier dynamics. In fact, the
overall cell eﬃciency depends on the preferable properties of
the dye−semiconductor composite system in relation to the
factors such as the photoelectric conversion, charge carrier
injection, electron−hole recombination rates, and charge
transport performance.
High surface-to-volume ratio of the semiconductor material
is another component of the eﬃciency consideration. In
general, TiO2 nanoparticles provide multiple surfaces exposing
large number of active sites. On the other hand, quasi-one-
dimensional titania nanowires4 not only accommodate even
larger areas but also are superior in n-type conductivity,
reducing the photogenerated charge recombination rates. In the
forms of nanostructures, thermodynamically the most stable
phase of TiO2 is the anatase polymorph.
5−7 The interaction
between anatase nanostructures and dye sensitizers is one of
the basic issues to improve the eﬃciency of DSSCs.
The choice of the sensitizer dye depends not only on its
durability, absorption, and charge injection ability during the
energy conversion cycles, but also on the cost and ease of its
production. Ru-based photosensitizers, reaching up to 11%
eﬃciencies (under AM 1.5 illumination), constitute an
important part of the dye complexes that are used in DSSC
technology.1,8−15 Researchers have focused on ﬁnding alter-
natives to those well-known, metal-driven, and relatively more
expensive dye sensitizers.16 Several organic dye molecules have
been shown to be strikingly eﬃcient in light harvesting.17−25
For instance, indoline derivatives showed 9.52% eﬃciency.26
High eﬃciencies of the Ru complexes are attributed to their
high charge injection rates into the conduction band (CB) of
the TiO2 pertaining to their metal-to-ligand charge-transfer
ability. Novel organic donor-π-acceptor dyes like tetrahydro-
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quinoline-based C2-124,25 have been proposed for achieving
intramolecular charge separation.
Improvements in the dye design crucially depend on the
deep understanding of the fundamental properties of the
sensitizer and its interaction with the nanostructured semi-
conductor. Quantitatively, novel organic dye molecules with
advanced chemical and physical properties can be tailored with
the aid of theoretical modeling.27−29 Theoretical studies have
focused on the prediction of the electronic structure of the
chromophores and of their interface with the TiO2 sub-
strates.30−40 In particular, the family of tetrahydroquinoline
derived dyes have been studied with ab initio calculations.41
O’Rourke et al. have also considered these dyes on the
TiO2(101) surface to predict their electronic structures.
42
In this study, we aimed to understand the binding modes,
electronic structures, and optical spectra of dye sensitizers on
anatase TiO2 nanowires having (101) and (001) facets by
standard as well as hybrid density functional theory (DFT)
calculations. Tetrahydroquinoline-based C2-1 (C21H20N2SO2)
organic dyes achieving directional charge distribution upon
photoexcitation have been considered as the light-harvesting
molecules adsorbed on the nanowires. To better describe the
diﬀerences from a simple dye molecule, we also included
coumarin (C9H6O2) without the anchoring carboxylic ligands.
Conventional coumarin dyes are extensively studied in the
literature.19,20,37,43−57 Because DSSC operates in solution, the
solvation eﬀects become important. Therefore, we addressed
this by using a new polarizable continuum model (PCM) for
solvents with diﬀerent ionicities. After brieﬂy describing the
computational methods, we will discuss the results in detail.
■ COMPUTATIONAL DETAILS
To investigate the geometric and electronic properties of the
dye and nanowire composite systems, we performed pseudo
potential plane wave calculations based on standard and hybrid
DFT using both Perdew−Burke−Ernzerhof (PBE)58 and
Heyd−Scuseria−Ernzerhof (HSE)59−61 exchange-correlation
(XC) functionals as implemented in the Vienna ab initio
simulation package (VASP).62 The ionic cores and valence
electrons with an energy cutoﬀ value of 400 eV for the plane
wave expansion were treated by projector-augmented waves
(PAW) method.63,64 The convergence of our calculated values
have been carefully tested with respect to k-point sampling.
In addition to the standard DFT, we used the range-
separated hybrid density functional approach that partially
admixes exact Fock exchange and PBE exchange energies.
These type of hybrids oﬀer a better description of localized d
states and improve the energy gap related features over the
standard XC schemes. Range-separated hybrid functionals tend
to compensate the localization deﬁciency due to the lack of
proper self-interaction cancellation between the Hartree and
exchange terms of the standard DFT. Correct description of the
adsorbate-driven gap states around the band edges is critical for
the estimation of the photovoltaic properties. In HSE
functional, the exchange energy is separated into two parts as
the long-range (LR) and the short-range (SR) as
ω ω ω= + − +E aE a E E( ) (1 ) ( ) ( )X XHSE HF,SR XPBE,SR XPBE,LR
where a is the mixing coeﬃcient65 and ω is the range separation
parameter.59−61 In this approach, the correlation part of the
energy is taken from standart PBE.58
To study the eﬀect of the solvent (chloroform or water) on
the electronic structure of the dye−nanowire combined
systems, we carried out calculations using the nonlinear
polarizable continuum model (PCM) implemented in the
open-source code JDFTx.66−69 Polarizable continuum models
surround the solvated species with a continuum dielectric to
approximate the eﬀect of the solvent environment. Therefore,
free energies can be computed without explicit thermodynamic
sampling of the many possible conﬁgurations of the solvent
molecules. The dielectric cavity, in which the solute resides, is
determined self-consistently from the charge density of the
solute.
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where n is the electron density, εb the bulk dielectric constant
of the solvent, nc the critical density, and σ the width of the
transition which is chosen67 to be 0.6 to make the transition
resolvable on typical real-space grids. The dielectric function
turns on smoothly at a critical electron density value nc. This
critical electron density, along with the eﬀective surface tension
of the solute−solvent interface (τ), is often ﬁt to reproduce the
solvation energies of molecules in that solvent. In this work, we
do not perform this ﬁt ourselves but rather use the values
reported in earlier publications.67,68,70 (For H2O, we use nc =
1.0 × 10−3 and τ = 9.5 × 10−6, and for CHCl3, we use nc= 2.4 ×
10−5 and τ = −9.2 × 10−6. All values are in atomic units.) At
these values, the accuracy for neutral solutes have been
observed70 to be approximately 1 kcal/mol. For a more detailed
discussion of PCMs implemented in JDFTx, we refer the reader
to refs 67, 68, and 70.
We opted to use a nonlinear-response model over a linear-
response one because the electric ﬁelds near ionic crystals are
often strong enough to access the regime where dielectric
saturation eﬀects become important for most solvents.67 In this
regime, the rotational contribution to the dielectric function
decreases with increasing external electric ﬁeld. To capture this
decrease in the dielectric response, the rotational contributions
are separated from electronic and vibrational contributions and
modeled as a ﬁeld of interacting dipoles. Furthermore,
nonlinear models avoid the numerical stability issues71 and
the unphysically low (negative) solvation energies67 reported
for the surfaces of ionic crystals.
Initial stoichiometric nanowire models with (001) and (101)
facets were built from the anatase form of bulk TiO2. We refer
to them as nw(001) and nw(101), respectively. Quasi-one-
dimensional anatase models with the dye adsorbates are placed
in large periodic tetragonal super cells (∼11 × 22 × 22 Å3).
The periodic images of each nanowire are separated from each
other to avoid any spurious interaction. Hence, large vacuum
spaces of at least 20 Å were introduced in the two translational
directions perpendicular to the nanowire axes ([100] for
nw(001) and [010] for nw(101)). Similarly, periodicity is
enlarged along the nanowire axis such that the dye adsorbate
can be assumed to be isolated. The separation between the
periodic replica of dye molecules along the nanowire axis is at
least 8 Å. The Hellman−Feynmann forces on each atom have
been minimized (<0.01 eV/Å) based on the conjugate-
gradients algorithm to fully optimize the initial geometries. A
good convergence of the calculated properties with respect to
the structural parameters, kinetic energy cutoﬀ, and k-point
sampling have been carefully checked. We repeated the same
procedures and calculations separately with both the PBE and
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the HSE XC functional. The optimized nanowire models have
maintained the anatase structure without any major recon-
struction. The Ti−O bonds on the facets get slightly larger
while inner bonds are ∼1.95 Å on average, reﬂecting the bulk
value. The geometry optimization in both the PBE and the
HSE cases relaxes surface atoms slightly out of their bulk
positions without any major reconstruction. This prevents
stress-related gap states from appearing in the band gap.
Previously, we have also shown that further passivation of the
facets is not required in the case of bare thin anatase
nanowires.72 Therefore, the properties presented here are all
referred to the fully optimized systems.
■ RESULTS AND DISCUSSION
The coumarin core (C9H6O2) has been focused on as a
candidate sensitizer for creating highly eﬃcient DSSCs by many
experimental and theoretical works.19,20,37,43−57 First of all, the
adsorption of coumarin core on the TiO2 nanowires has been
investigated as a minimal atomistic model to understand dye
sensitization within the framework of total energy DFT
calculations. We considered the coumarin molecule at various
adsorption sites on the (001) and (101) facets of the anatase
nanowires. The energetically favorable binding modes of
coumarin for both of the cases are presented in Figure 1.
Because of the tail oxygen of coumarin interacting with a 5-fold
coordinated surface Ti, the dye molecule aligns perpendicularly
on both of the nanowire types forming a single bond
(monodentate binding). Adsorption of coumarin does not
cause noticeable distortion on the nanowire structure in both of
the case. The length of the bond between the surface and the
dye is 2.18 and 2.21 Å in the cases of nw(101) and nw(001),
respectively.
In the case of C2-1 dyes, the tail oxygen and the OH group
play an important role in the adsorption on the nanowire
surfaces. The optimized geometries of diﬀerent binding modes
of C2-1 on TiO2 nanowires are shown in Figure 2. It portrays
two diﬀerent adsorption modes. Similar to the coumarin case,
one of them is the monodentate binding in which the tail
oxygen forms a single bond with the surface Ti atom giving C2-
1 a perpendicular orientation with respect to the nanowire axis.
In the second mode, in addition to the O−Ti bond, the OH
group loses the H to the nearest surface oxygen site, enabling
the formation of a second O−Ti bond between the dye and the
nanowire. This bidentate mode is a chemical binding and so is
much stronger than the monodentate case. For both of the
nanowire types, the monodentate bond length is slightly larger
than bidentate formation in which the bond lengths are ∼2.0 Å,
which is a typical value of the bulk structures. The adsorption of
C2-1 leads to only a minor change in the local environment on
the nw(001). However, the surface oxygen on the nw(101)
between the two Ti atoms forming the bidentate bonds buckles
down slightly, as seen in Figure 2d.
We calculated the binding energies with a standard
formulation as given in previous studies.28,29 These values are
computed using PBE and HSE schemes and are presented in
Table 1. The solvent eﬀects with chloroform and water
solutions have also been included on PBE results. Single
bonding gives moderate and similar binding energies for both
of the dyes on the two nanowire surface types. Regarding the
binding energies, HSE functional yields values similar to the
PBE values. Strong solution eﬀects are found to drastically
weaken the adsorption of the dye on the nanowire surface. This
could indicate an expectation of low eﬃciencies for singly
bound molecular cases because of the reduced stability. When
the binding energies of the dyes on the nanowires in Table 1
are considered, one can say that the dissolution of the simple
coumarin dye in the electrolyte is probable in applications,
which causes a noticeable decrease in the photovoltaic
performance of DSSCs. Therefore, conventional coumarin
dyes (C343, NKX-2398, NKX-2510, etc.) are anchored to TiO2
through various carboxyl groups. In the tetrahydroquinoline
case, the formation of the second bond as a result of the loss of
the H in the OH group in the bidentate case of C2-1 dye
enhances the binding appreciably. This bidentate mode of C2-1
gives the strongest binding energy among the cases considered
here. Our PBE-calculated value of 0.94 eV on nw(101) is in
good agreement with generalized gradient approximation
(GGA)-predicted binding energy of the isolated adsorption of
the molecule on (101) slab surface by O’Rourke et al.42 The
slight buckling of the surface oxygen on nw(101) brings an
energetic penalty on the binding energy of C2-1 bidentate
mode which leads to a reduction of the adsorption energy
compared to that of the nw(001) case. Our results suggest that
C2-1 is losing the H from its tail OH group to the nanowire
surface to form a chemical bond. Therefore, it survives in a
strongly ionic solution like water without dissociation.
Figure 1. Optimized adsorption geometries of coumarin on anatase
(001)-nanowire (left panel) and (101)-nanowire (right panel) shown
from two diﬀerent viewing orientations. Here, the red, light gray, dark
gray, and white spheres represent O, Ti, C, and H atoms, respectively.
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When the solvent eﬀect is included in the calculations, we
notice that the binding energies change in the positive
direction. This is because the binding sites on the TiO2 and
the dye molecule interact very strongly with the solvent. This
interaction is missing in vacuum calculations, resulting in a
more negative binding energy. Because H2O is a more polar
solvent than CHCl3 with a higher dielectric constant, it
interacts more strongly with the binding sites; we therefore see
that binding energies in H2O are more positive than the
binding energies in CHCl3.
The density of states (DOS) of the dye−nanowire combined
systems are presented in Figure 3. Our TiO2 nanowire models
having diameters around 1 nm possess larger band gap values
relative to the bulk and surface structures as a result of the
quantum conﬁnement eﬀect.72 In general, most of the deep
lying occupied molecular orbitals stay in the valence band as a
resonant state. Most importantly, a number of dye-related
isolated and occupied states appear above the VB edge within
the band gap, depending on the nature of the binding. As a
result, the Fermi energy shifts up to higher energies, leading to
an energy gap narrowing which is an important factor for
Figure 2. Optimized adsorption geometries of C2-1 on anatase (001)-nanowire (left panel) and (101)-nanowire (right panel) with two diﬀerent
viewing orientations for both monodentate and bidentate bonding modes. Here the red, light-gray, dark-gray, blue, yellow and white color spheres
represent O, Ti, C, N, S, and H atoms, respectively.
Table 1. Calculated Adsoprtion Energies of Dye−Nanowire Systems (eV)
@(001) @(101)
dye PBE HSE PBE+PCMa PBE+PCMb PBE HSE PBE+PCMa PBE+PCMb
coumarin −0.46 −0.63 −0.24 −0.05 −0.63 −0.70 −0.48 −0.23
C2-1 (monodentate) −0.72 −0.73 −0.71 −0.22 −0.57 −0.62 −0.44 −0.10
C2-1 (bidentate) −1.36 −1.25 −1.22 −0.71 −0.94 −0.83 −0.74 −0.37
aNonlinear PCM included for CHCl3.
bNonlinear PCM included for H2O.
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photovoltaic properties. Moreover, the lowest-lying unoccupied
molecular levels of the dyes delocalize on the Ti 3d states inside
the conduction band of the nanowires. HSE functional heals
the band gap underestimation which is inherent in the standard
PBE XC scheme. The PBE-bandgaps of bare nw(101) and
nw(001) are 2.51 and 2.69 eV, respectively. The HSE method
gives an energy correction of 1.50 eV for nw(101) and 1.37 eV
for the nw(001). This opening of the gap results in molecular
states falling in the energy gap, which were previously in
resonance with the VB at the PBE level. To compare PBE and
HSE calculated DOS structures, we aligned them with respect
to their deep core energy states. For both of the nanowires, the
molecular states of coumarin appear around the VB edge while
one of them is isolated from the rest in the case of HSE. For
C2-1 monodentate mode, PBE predicts two isolated states
above the VB. Because of the gap opening by the HSE
functional, one more ﬁlled isolated state falls in the band gap of
both of the nanowire types. On going from monodentate to
bidentate bonding, there appears an additional isolated state
above the VB. In the case of C2-1 bidentate mode, the
positions and the number of dye-related energy levels
calculated with the PBE functional are in agreement with the
GGA results of O’Rourke et al.42 The only diﬀerence comes
from the alignment of TiO2 energy bands with respect to the
energy levels of the dye, which stems from our nanowire and
their slab calculations. Signiﬁcant band gap reduction is
obtained in the case of C2-1 on both of the nanowires,
which is important for light harvesting.
The absorption spectra of the sensitizers, coumarin, and C2-1
on nw(001) and nw(101) have been calculated at the PBE and
HSE levels using the formulation as described in our previous
study on the bare anatase nanowires.72 The dye-related
contributions in the optical spectra show characteristics similar
to both PBE and HSE calculations, as shown in Figure 4. These
features correspond to the ﬁrst absorption peaks in each case
associated with excitations from the highest occupied molecular
states to the unoccupied molecular states which are coupled to
the CB of the semiconductor. Similar absorption properties are
obtained in the UV region, which are mostly related with the
interband transitions from the VB to the CB states. Although
the main characteristics are alike, PBE-calculated spectra are
signiﬁcantly red-shifted with respect to that of the HSE due to
the local density approximation (LDA) giving rise to an
inherent underestimation of the band gap of TiO2. The
coumarin core brings the lowest-lying peak which extends the
absorption threshold slightly into the visible region, as seen in
Figure 4a for both nanowire types. The C2-1−nanowire
combined system has optical properties that are more favorable
than those of the coumarin−nanowire structures. A distinct and
strong absorption peak results due to the excitation from the
occupied molecular state at the Fermi energy to the frontier
unoccupied molecular state which delocalizes inside the CB of
the semiconductor. As a D-π-A type dye, such an excitation
achieves charge redistribution from the donor to the acceptor
moiety of C2-1 dye, which is important for the charge injection
into the CB of TiO2. This peak associated with the charge-
transfer (CT) state is identiﬁed at ∼2 eV at the HSE level while
PBE prediction falls in the near-infrared (IR) part of the
spectrum. In the energetically most preferable bidentate
bonding mode of C2-1 sensitizer, two absorption peaks are
Figure 3. Density of states (DOS) of dye−nanowire combined systems. The contribution of the dye molecules are denoted as red shades by
projecting on the dye molecular orbitals. The zero of the energy is set at the highest occupied energy level.
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identiﬁed which are signiﬁcantly broadened in the visible range.
This is reminiscent of the chemical nature of the adsorption of
C2-1 on both the (001) and the (101) surfaces of the anatase
nanowire. The ﬁrst absorption peak positions of C2-1 on the
anatase nanowire structures calculated at the HSE level are
slightly red-shifted compared with the experimental data24,25 of
Chen et al. obtained on nanocrystalline TiO2. Consequently, on
the basis of our hybrid DFT computations, the bidentate
bonding form of C2-1 on TiO2 survives in solution, causes a
number of isolated ﬁlled molecular states to appear in the band
gap, functionalizes the anatase nanowires to absorb a wide
range of the visible region, and achieves charge separation,
which is promising for both the enhancement of the charge
injection eﬃciencies and for the reduction of the charge carrier
recombination rates.
■ CONCLUSIONS
The binding geometries, electronic structures, and absorption
characteristics of two organic molecules on TiO2 nanowires
with (101) and (001) facets have been investigated using
screened Coulomb hybrid density functional calculations.
Coumarin causes new gap states to appear at the edge of the
VB of the nanowires. These systems that we chose as the
minimal dye−nanowire models result in a narrowing of the
electronic band gap of TiO2. Strong bidentate binding of
tetrahydroquinoline C2-1 dye brings a number of isolated and
occupied gap states that both result in a signiﬁcant narrowing of
the band gap and cause a broader absorption structure
functionalizing the semiconductor nanowires in the entire
visible region. Nonlinear solvent eﬀects suggest that the
dissolution of coumarin and monodentate binding of C2-1
from the nanowires is probable in an actual electrolyte.
Bidentate adsorption of donor-π-acceptor type C2-1 molecules
can achieve directional charge-transfer excitation to increase
charge injection probabilities, allow absorption in the full range
of visible spectrum to achieve enhanced light harvesting, and
exhibit strong binding to reduce degradation of possible device
operation.
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(38) Bañuelos Prieto, J.; Loṕez Arbeloa, F.; Martínez Martínez, V.;
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